We have found that elevated copper concentrations, apart from the inhibition of oxygen evolution, changed the initial states distribution of the oxygen-evolving complex. Already at low concentrations, copper ions oxidized the low-potential form of cytochrome b &&* and also its high-potential form at higher concentrations at which fluorescence quenching was observed. We suggest that the primary target sites in Photosystem II for
INTRODUCTION
Copper shows the highest toxic effects among heavy metals in plants at elevated concentrations [1] [2] [3] [4] . Therefore investigations on the mechanism of copper action on the photosynthetic apparatus are of special interest. In the photosynthetic electrontransport chain, Photosystem II (PSII) is the most sensitive site to Cu# + ions [1] [2] [3] [4] . The most apparent effect of the toxic action of copper on PSII is inhibition of oxygen evolution accompanied by quenching of variable fluorescence [5] [6] [7] . The different sites of copper action in PSII suggested in the literature certainly depend on the relative copper to reaction centre proportions. It was found that Cu# + ions inhibit both the donor and the acceptor sides of PSII, but the most sensitive site of Cu inhibition was located on the oxidizing side of PSII [8] [9] [10] , where a reversible inhibition of Tyr Z oxidation by Cu# + has been observed [11, 12] . At higher copper concentrations, primary quinone acceptor Q A [12] , pheophytin-Q A -Fe region [13] , non-haem iron [14, 15] and secondary quinone acceptor Q B [16] were identified as the target sites of Cu# + inhibitory action on the acceptor side of PSII. On the other hand, very low, equimolar Cu# + \PSII proportions were recently found to stimulate oxygen evolution [17] . Within PSII, apart from the oxygen-evolving complex, cytochrome b &&* (cyt b &&* ) in its high-potential (HP) form is the most sensitive component. Despite numerous investigations on the effect of copper on PSII components, only a few were devoted to cyt b &&* . Yruela et al. [18] found that copper decreased the level of the photoreduced cyt b &&* and slowed down its rate of photoreduction, whereas Jegerscho$ ld et al. [12] observed conversion of the HP form of cyt b &&* to the low potential (LP) form at high copper concentration.
In the present study, we investigated the mechanism of Cu# + action on PSII components using fast oxygen electrode and by measuring fluorescence induction kinetics, as well as the effect of copper on the redox state of HP and LP forms of cyt b &&* . Based
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copper is tyrosine z , both cytochrome b &&* forms and chlorophyll z , and that these sites are the source of the copper-induced fluorescence quenching and oxygen evolution inhibition in Photosystem II.
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on the obtained results, we tried to correlate the observed effects with the mechanism of fluorescence quenching by copper ions in PSII.
MATERIALS AND METHODS
PSII particles (BBY) were isolated from tobacco (Nicotiana tabacum, cv. John Williams Broadleaf or from the Su\su var. Aurea mutant) as described by Berthold et al. [19] with the modifications of Baro! n et al. [20] . Tobacco thylakoids were isolated according to the method described in [21] . The amperometric measurements of oxygen evolution were performed on PSII particles at a chlorophyll (Chl) concentration of 42 µg\ml and thylakoids at Chl concentration of 84 µg\ml in 50 mM Hepes buffer (pH 7.0), containing 10 mM KCl, 5 mM MgCl # and 2.5 mM CaCl # using a three-electrode system [22] . Saturating light flashes of 5 µs duration at half intensity were provided by a xenon lamp (Stroboscope 1539A ; General Radio, West Concord, MA, U.S.A.). The samples were illuminated by 15 flashes, spaced 300 ms apart. The measurements of fluorescence induction kinetics were performed on a home-built fluorimeter using excitation with blue light (BG12 filters) and detection at 685 nm by a monochromator. Fluorescence was measured at a Chl concentration of 50 µg\ml in the same medium as that for the oxygen evolution measurements. Dark incubation time was 10 min. Cyt b &&* redox changes in the isolated PSII particles were measured with the SLM Aminco DW2000 spectrophotometer in the dual-wavelength mode at 559-570 nm and Chl concentration of 50 µg\ml under continuous stirring [23] . In freshly isolated PSII preparations, cyt b &&* is found mainly in the reduced HP form and partially in the oxidized LP form [24, 25] . Therefore the presence of the LP form does not interfere with the measurements of the oxidation of the cyt b &&* HP form by Cu# + ions. To follow the oxidation of only the cyt b &&* LP form, 0.2 % Triton X-100 was added to PSII particles. This treatment converts the HP form into the LP form [23] [24] [25] . Measurements of oxidation of the LP form of cyt b &&* were performed in the presence of 0.2 % Triton X-100 under anaerobic conditions to avoid autoxidation of the LP form using an oxygen trap composed of glucose oxidase (50 units\ml l 1.5 mg\ml), catalase (500 units\ml l 23.8 µg\ml) and 1 mM glucose. The LP form of cyt b &&* was prereduced by illumination of the sample with white light for 30 s in the presence of 10 µM FMN [26] .
RESULTS
Measurements of oxygen evolution under short saturating flashes show that with increasing CuCl # concentrations, the oscillation pattern changes and oxygen evolution is inhibited at the highest concentrations used (Figure 1 ). The maximum of oxygen evolution is progressively shifted from the third flash to the fourth or even to the fifth flash and the oscillations are damped. The obtained results were analysed using the 5S-state model developed by Burda and Schmid [27] . It is well known that the
Figure 1 Effect of CuCl 2 on flash-induced oxygen evolution in PSII particles isolated from tobacco
Chl concentration, 42 µg/ml ; 50 mM Hepes (pH 7.0) containing 10 mM KCl, 5 mM MgCl 2 and 2.5 mM CaCl 2 . Dark incubation time was 10 min. All amplitudes were normalized to the amplitude of the third flash in the control sample. a.u., arbitrary units.
Table 1 Parameters of the 5S-state model fitted to the experimental data of CuCl 2 -treated PSII particles isolated from tobacco and total oxygen evolution of these samples
S i (i l 0, 1, 2) ; α t , total miss parameter (the sum of probabilities of unsuccessful transitions between S i S i + 1 ); d, probability of the fast S 3 (S 4 ) S 0 transition associated with oxygen evolution ; and total oxygen evolution is the sum of oxygen-evolution signals at all 15 flashes and normalized to the control samples. Chl concentration, 42 µg/ml ; 50 mM Hepes (pH 7.0) containing 10 mM KCl, 5 mM MgCl 2 and 2.5 mM CaCl 2 . Dark incubation time, 10 min. The reported values are the means calculated from 20 experiments. The given errors are the maximal errors obtained from the fitting procedures for 20 replicates [17] . a.u., arbitrary units. oxygen-evolving complex accumulates successively four positive charges in the Mn-active site before oxygen is evolved. The redox states of the Mn complex are assigned by S i , where the subscript denotes the accumulated charge (i changes from 0 to 4). The probability of the non-successful transition S i S i+" is given by α i (the miss parameter). The probability of oxygen yield, accompanied by a fast S $ (S % ) S ! transition is described by the parameter d [27] . The above parameters, fitted to the observed patterns of oxygen evolution, are given in Table 1 . It can be found that copper 5 µM in CuCl # caused an increase of the S ! -state population at the expense of the S " -state population and lowering of the total miss parameter α t . Generally, the nonsuccessful transitions between S ! S " and S # S $ states give the main contribution to the α t parameter. In our case, the decrease in α t originates from more efficient transitions between S ! S " states. The increase in the α t at Cu# + concentrations of 20 µM results from decreasing the efficiency of the transitions between S i S i+" states that is accompanied by the decrease in the oxygen evolution yield.
To compare the accessibility of copper target sites in PSII particles and intact thylakoids, we analysed the effect of increasing copper concentrations on oxygen evolution pattern in tobacco thylakoids. Since thylakoids show higher Chl to PSII ratio (400-700) [28] [29] [30] than PSII particles (250-300) [30] , to keep the copper to PSII ratio similar for both PSII particles and thylakoids, we used higher Chl concentration of thylakoids than for PSII particles (Table 2 ). It is evident that, as for PSII particles, copper ions in thylakoids at a concentration of 20 µM cause a decrease in total oxygen evolution by approx. 50 %. At 20 µM Cu# + , an increase in the α t and a decrease in the probability of fast O # evolution are observed for both preparations. In contrast with PSII particles, for thylakoids, eight times higher concentrations of Cu# + were required to increase the S ! state population at the expense of the S " state (see Tables 1 and 2 ). These results suggest that there are at least two Cu# + sites in PSII responsible for the inhibition of oxygen evolution. One binding site has the same accessibility for copper ions both in PSII particles and thylakoids, whereas the other one is more easily accessible in the isolated PSII particles.
The difference in the S ! to S " ratio between untreated PSII particles and untreated thylakoids (see Tables 1 and 2) suggests that the dark stable Tyr D radical, which is known to take part in the dark oxidation of the S ! to S " state [31] , is not so active in this 
Figure 2 Effect of CuCl 2 on fluorescence induction in PSII particles
Chl concentration, 50 µg/ml ; 50 mM Hepes (pH 7.0) containing 10 mM KCl, 5 mM MgCl 2 and 2.5 mM CaCl 2 . a.u., arbitrary units.
respect in PSII particles as in thylakoids. This is probably due to structural changes of the oxygen-evolving complex or the partial reduction of Tyr D in the isolated PSII particles. The inhibition of oxygen evolution by Cu# + ions is accompanied by quenching of Chl fluorescence from PSII ( Figure 2 ). This quenching effect could be explained by donor-side inhibition due to the known Cu# + action on Tyr Z [11, 12] . The reason for fluorescence quenching under donor-side inhibition is attributed to the formation of the Chl Z + radical, which is a strong fluorescence quencher in PSII [32] . However, formation of this radical is dependent on the redox state of cyt b &&* [33] . The effect of Cu# + on the redox state of cyt b &&* clearly shows that Cu# + caused oxidation of both the LP and the HP forms of cyt b &&* in the dark (Figure 3) . Oxidation of the cyt b &&* LP form occurred at considerably lower Cu# + concentrations than the oxidation of the HP form. Within the concentration range used, Cu# + ions did not change the level of the HP form, i.e. Cu# + did not cause any conversion of the HP to LP form of cyt b &&* (results not shown). Comparison of Cu# + concentrations that inhibited oxygen evolution ( Figure 1 ) and cause fluorescence quenching (Figure 2 ) with those that oxidized the HP form of cyt b &&* (Figure 3 ), shows that all these effects take place at similar Cu# + concentrations. This indicates that these effects could have a similar molecular origin. When comparing the effect of Cu# + ions on fluorescence quenching and cyt b &&* oxidation, it should be taken into account that the dark incubation time before fluorescence measurements was 10 min and that the apparent fluorescence quenching (F v \F m , where F v is the variable fluorescence and F m the maximal fluorescence) by Cu# + ions depends also on the light intensity used.
We did not observe any release of the extrinsic PSII proteins (17, 23 and 33 kDa) at the CuCl # concentrations applied (results not shown).
DISCUSSION
The inhibitory effect of Cu# + on the oxygen evolution and fluorescence quenching at the higher Cu# + concentrations may be attributed to donor-side inhibition, quite probably by blocking the Tyr Z function. In consequence, the electron donation from the HP or LP forms of the cyt b &&* via the redox-active Chl Z molecule is activated. If both cyt b &&* forms are oxidized, Chl Z molecule forms a stable cation radical, which is a strong fluorescence quencher of PSII [32] . Under non-inhibitory conditions, the LP remains mainly oxidized, whereas the HP form is reduced. Under such conditions, the excitation energy from light-harvesting complex is directed via the Chl Z molecule to the reaction centre. When the Chl Z + radical is formed, the excitation energy is dissipated by this radical preventing PSII against overexcitation [33] . Our finding that Cu# + oxidized both cyt b &&* forms suggests that this process might stimulate the formation of Chl Z radical and fluorescence quenching in PSII. The nonspecific antenna quenching of Chl fluorescence by Cu# + , which is a paramagnetic ion, is not significant in our case, since quenching of the initial fluorescence (F o ) by Cu# + observed in many studies was not found or was weak [5] [6] [7] 34] . Similar effects as for Cu# + ions on oxygen evolution and fluorescence quenching are caused by carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), which induces cyt b &&* HP oxidation and catalyses electron transfer from Chl Z to Tyr Z [35] . This electron transfer inhibits electron donation from the oxygen-evolving complex and facilitates Chl Z + formation. The oxidation mechanism of the HP form of cyt b &&* by Cu# + is probably similar to that caused by FCCP, i.e. by deprotonation of the HP form. FCCP is a well-known protonophore but it is not capable of oxidizing directly the HP form. It was suggested that FCCP deprotonates the surrounding groups of the haem of the cytochrome, and the cytochrome, in an unstable deprotonated form, undergoes autoxidation [24, 36] . Substitution of protons in the amino acid groups that can be protonated or deprotonated has already been suggested as the mechanism of inhibitory action of Cu# + [37] . It was recently found that the histidine co-ordinating haem of the cyt b &&* HP form is protonated and any treatment that releases this proton induces conversion of the cytochrome to the LP form via the intermediate-potential form [38] . Copper ions are known for their affinity to histidine residues ; therefore, it seems reasonable to assume that Cu# + ions substitute for the proton bound to the histidine residue co-ordinating haem of cyt b &&* HP form and induce its oxidation to the LP form. It should also be mentioned that direct oxidation of the cyt b &&* HP form by Cu# + ions is thermodynamically unfavourable because of the midpoint redox potential of Cu# + (E m( l j0.167 V), which is lower than that of the cyt b &&* HP form (E m( l j0.33-0.40 V).
The observed reversibility of oxygen evolution inhibition and fluorescence quenching [5] , together with the reversibility of Tyr Z inhibition by Cu# + [12] , could suggest that Cu-Tyr Z interaction is the only reason for both the observed effects. However, Custimulated fluorescence quenching is also observed in Tris-treated PSII particles, where MnCl # was used as an electron donor [7] . At the applied concentrations of MnCl # (2 mM) in those experiments, this electron donor is supposed to donate electrons directly to P680 (low-affinity site) at 60 % and via Tyr Z (highaffinity site) at 40 % of the total electron donation rate [39] . This indicates that fluorescence quenching by Cu# + occurred effectively, although the electron flow through Tyr Z was mostly omitted. The oxidation of both cyt b &&* forms cannot be the only reason for fluorescence quenching as well, since ferricyanide, which oxidized both cyt b &&* forms more efficiently than Cu# + (results not shown), is not an efficient fluorescence quencher of PSII, at least at room temperature (22 mC) [40] . Another interaction site of Cu# + within PSII, responsible for fluorescence quenching, is probably the Chl Z molecule which could form a Chl Z -Cu charge-transfer complex or could be directly oxidized by Cu# + , giving the Chl Z cation radical which quenches fluorescence. Such a Chl Z -Cu complex or a Cu-induced Chl Z + radical, stable at room temperature, was already observed in ESR studies [12] . Thus the inhibition of electron donation from the oxygenevolving complex at the Tyr Z site, cyt b &&* oxidation and the enhanced Chl Z oxidation are responsible for the observed Cuinduced fluorescence quenching and the inhibition of oxygen evolution. The possible interaction sites of Cu# + with the components of PSII, discussed above, are shown in Scheme 1.
In summary, we have shown that apart from the inhibition of total oxygen evolution, the increased copper concentrations changed the distribution of initial S-states of the oxygen-evolving complex and decreased the α t parameter. Copper ions oxidized directly the cyt b &&* LP form at low concentrations (1-10 µM) and the HP form at higher concentrations (10-100 µM), probably by deprotonation of this labile cyt b &&* form. Oxygen-evolution inhibition and the oxidation of cyt b &&* by copper ions were found to correlate with the fluorescence quenching of PSII. We also suggest the enhanced formation of the Chl Z + radical due to its direct interaction with Cu# + ions. This could be responsible for fluorescence quenching and would result in the stimulation of the cyclic electron transport around PSII and dissipation of the excess of absorbed light energy.
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